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Mn1.5X0.5Sn (X ¼ Cr, Mn, Fe, Co) nanomaterials in the hexagonal Ni2In-type crystal structure have
been prepared using arc-melting and melt spinning. All the rapidly quenched Mn1.5X0.5Sn alloys
show moderate saturation magnetizations with the highest value of 458 emu/cm3 for Mn1.5Fe0.5Sn,
but their Curie temperatures are less than 300 K. All samples except the Cr containing one show
spin-glass-like behavior at low temperature. The magnetic anisotropy constants calculated from the
high-field magnetization curves at 100 K are on the order of 1 Merg/cm3. The vacuum annealing of
the ribbons at 550 C significantly improved their magnetic properties with the Curie temperature
increasing from 206 K to 273 K for Mn1.5Fe0.5Sn. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4913821]
I. INTRODUCTION
Mn-based Heusler materials in the non-cubic crystal
structure have attracted much current attention because some
of the materials are predicted to have high spin polarization at
the Fermi level and show large magnetocrystalline anisotropy
with a Curie temperature well above room temperature.1,2
Many of these materials have relatively low saturation mag-
netization due to a competing ferro-and antiferromagnetic
interactions between transition-metal moments located at dif-
ferent lattice sites.3,4 An interesting feature in these materials
is that their magnetic properties can be modified to fit a spe-
cific application by adjusting the concentration of moment
bearing elements in the alloys.5,6 High-anisotropy materials
with moderate magnetization and high Curie temperature
have applications both in spintronic devices and high-density
recording.7,8 For spintronic application, high-anisotropy mate-
rials with high spin polarization at the Fermi level are desired.
A typical example of a non-cubic Heusler alloy that has been
extensively investigated recently is the tetragonal MnxGa
(1 x 3) system. The magnetic and electronic structure
properties of these alloys, especially those of the tetragonal
Mn3Ga, are consistent with the requirement of the spin-
transfer-torque-based spintronic devices.7,9–12 These findings
have stimulated further research on other non-cubic Mn-based
compounds from the Heusler family to understand their struc-
tural, magnetic, and electron transport properties. Our interest
is to understand the structural and magnetic properties of a
hexagonal half-Heusler-type compound Mn2Sn and to investi-
gate how these properties change if a fraction of Mn atoms
is replaced by other transition metal atoms including Cr, Fe,
and Co.
Mn2Sn has been predicted to exist both in the cubic and
hexagonal crystal structures, but only the hexagonal B82
phase (Ni2In-type structure) with space group p63/mmc
(a¼ 4.37 Å, c¼ 5.47 Å) has been synthesized
experimentally.13,14 The cubic phase (bcc L21 phase) has
been predicted to be a half-metallic fully compensated ferri-
magnet.15 In the hexagonal Mn2Sn lattice, the Wyckoff’s 2a
(0, 0, 0; 0, 0, 1/2) and 2d (1/3, 2/3, 3/4; 2/3, 1/3, 1/4) posi-
tions are occupied by Mn atoms and the 2c (1/3, 2/3, 1/4; 2/
3, 1/3, 3/4) positions are randomly occupied by Mn and Sn
atoms. The magnetic lattice can be divided into two sublatti-
ces; sublattice A consisting of 2a sites and sublattice B
consisting of 2c and 2d sites. Since the interatomic distances
between the Mn moments are MnA-MnA¼ 2.76 Å,
MnA-MnB¼ 2.89 Å, and MnB-MnB¼ 3.75 Å, the MnA-MnA,
MnA-MnB, MnB-MnB exchange interactions are expected to
be, respectively, negative, negative, and positive.14 We note
that the Mn-Mn interaction typically is positive if the dis-
tance between Mn moments is greater than 2.90 Å.16
II. EXPERIMENTAL METHODS
The Mn1.5X0.5Sn (x¼Cr, Mn, Fe, and Co) ribbons were
prepared using arc-melting, melt-spinning, and annealing.
The nanostructured ribbons were produced by rapidly
quenching the induction melted Mn1.5X0.5Sn onto the surface
of a rotating copper wheel in a highly pure argon-filled
chamber. The wheel was kept at the tangential speed of
about 28 m/s for all samples. The effect of annealing on the
structural and magnetic properties of the ribbons was investi-
gated by heat treatment in a tubular vacuum furnace with a
base pressure of about 107 Torr at a temperature of 200 C,
350 C, 450 C, and 550 C for 2 h. The elemental composi-
tions were confirmed using energy dispersive x-ray spectros-
copy (EDX), which showed that the compositions were close
to the estimated values within an error of 1 at. %. The struc-
tural properties of the samples were studied by x-ray diffrac-
tion (XRD) using a Rigaku MiniFlex 600 with Cu source.
The magnetic properties were investigated with a Quantum
Design vibrating sample magnetometer in a Physical
Properties Measurement System [PPMS]. Some of the high-
temperature magnetic measurements were done in aa)parashu.kharel@sdstate.edu.
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VersaLab magnetometer. The Rietveld analysis of the x-ray
diffraction patterns was performed using TOPAS software.11
III. RESULTS AND DISCUSSION
Fig. 1(a) shows the XRD pattern of the rapidly quenched
Mn1.5X0.5Sn (x ¼ Cr, Mn, Fe, and Co) ribbons recorded at
room temperature. The XRD patterns are indexed with the
standard pattern of a hexagonal Mn2Sn compound in the
Ni2In-type crystal structure, without including any elemental
or alloy secondary phases. As shown in Fig. 1(b), the Rietveld
refined lattice parameters for Mn2Sn are a¼ 4.40 Å and
c¼ 5.48 Å, where both a and c show a systematic change with
the atomic radii of X elements in Mn1.5X0.5Sn. The substitu-
tion of Fe or Co for Mn in the 2a sites of Mn2Sn is expected
to produce a significant decrease in the lattice parameters
because of the smaller atomic radii of Fe and Co as compared
to that of Mn, which is consistent with our XRD data.
However, the occupation of 2d sites is likely to produce a min-
imal effect. The vacuum-annealed samples also have a hexag-
onal crystal structure, but the XRD patterns of the low-
temperature annealed (200 C and 350 C) samples contain a
few superstructure diffraction peaks, which are absent in the
patterns of the rapidly quenched and high-temperature (450 C
and 550 C) annealed ribbons. These superstructure lines can
be indexed with lattice parameters a0 ¼ 3a and c0 ¼ c as
reported in Ref. 14.
Fig. 2 shows the magnetic-field dependence of magnet-
ization M(H) for the rapidly quenched Mn1.5X0.5Sn (X¼Cr,
Mn, Fe, Co) ribbons measured at 100 K. The M(H) hysteresis
loops of all Mn1.5X0.5Sn ribbons except that of Mn1.5Co0.5Sn
are nearly saturated at 70 kOe, but the coercivities are rela-
tively small (Hc< 500 Oe). The magnetic properties of the
Mn1.5X0.5Sn alloys are highly sensitive to the type of X atom
with the Fe-containing sample having the highest high-field
(H¼ 70 kOe) magnetization of 458 emu/cm3. The magnet-
izations at 30 kOe for all rapidly quenched and vacuum
annealed samples are displayed in Table I. These magnetic
alloys are expected to show substantial magnetocrystalline
anisotropy because of their non-cubic crystal structures. The
magnetocrystalline anisotropy constants K calculated from
the high-field-magnetization curves measured at 100 K are
on the order of 1 Merg/cm3. As shown in the inset of Fig. 2,
the anisotropy constant scales almost linearly with the num-
ber of valence electrons in the X atoms. The cobalt-
containing sample shows the highest value of anisotropy
constant K¼ 2.4 Mergs/cm3. The anisotropy constant was
calculated using the approach to saturation method.10,17
The temperature dependences of magnetizations M(T) of
the rapidly quenched Mn1.5X0.5Sn alloys are shown in Fig. 3.
The M(T) curves are similar to those of the ferro-or ferrimag-
netic materials with a highest Curie temperature of about
206 K for the Mn1.5Fe0.5Sn alloy. The Curie temperature was
determined from the point where the extrapolated paramag-
netic downturn in M(T) meets with the M¼ 0 line. As seen in
Table I, the Curie temperature in these samples roughly scales
with the magnetization; the Fe-containing sample having the
highest value of magnetization shows the largest value of the
Curie temperature (Tc¼ 206 K). A similar high value of Curie
temperature, as compared to that of Mn2Sn, has been observed
in Mn1.5Cr0.5Sn as well. This suggests that the presence of Fe
or Cr in the Mn1.5X0.5Sn lattice strengthens the positive
exchange interaction. It is likely that the presence of Fe atoms
in the 2a or 2d sites increases the number of ferromagnetically
coupled Fe-Fe or Fe-Mn pairs breaking the antiferromagneti-
cally coupled Mn-Mn chains. Similarly, the presence of Cr in
the lattice sites may weaken the Mn-Mn antiferromagnetic
interaction or may push some of the Mn atoms to the 2d sites
resulting in the increase of magnetization. However, the rela-
tively smaller magnetization and Curie temperature of the rap-
idly quenched Mn1.5Co0.5Sn cannot be understood with this
model. A remarkable feature in the M(T) curves of the
Mn1.5X0.5Sn alloys is that the M(T) curves of Mn2Sn and
Mn1.5Fe0.5Sn recorded at the FC (Field cooled) and ZFC
(Zero-field cooled) conditions show a clear irreversibility
below 18 K, indicating the presence of a spin-glass-like or
spin-reorientation behavior. Interestingly, the spin-glass-like
behavior has become more prominent in the Co containing
sample with an increase in the ZFC/FC splitting temperature
to 31 K but it is completely suppressed in the Cr containing
sample. A possible explanation for this observation is that
competing ferro-and antiferromagnetic interactions between
the magnetic moments at the 2a and 2d sites break the
FIG. 1. (a) Room-temperature x-ray diffraction patterns of rapidly quenched
Mn1.5Cr0.5Sn, Mn1.5Mn0.5Sn, Mn1.5Fe0.5Sn, and Mn1.5Co0.5Sn ribbons,
respectively, from bottom to top. (b) Lattice constants a (scale on the left)
and c (scale on the right) as a function of X in Mn1.5X0.5Sn (X ¼ Cr, Mn,
Fe, Co). The typical standard errors for the lattice parameters a and c are
0.0006 Å and 0.0008 Å, respectively. The diameters of the symbols in
Fig. 1(b) are very close to the size of the error bars.
FIG. 2. Magnetic field dependence of magnetization of rapidly quenched
Mn1.5X0.5Sn (X ¼ Cr, Mn, Fe, Co) ribbons measured at 100 K. The inset
shows the anisotropy constant as a function of X in Mn1.5X0.5Sn calculated
from the high-field region of the M(H) curves recorded at 100 K.
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long-range spin chains leading to a spin-glass-like state at low
temperature.
We have investigated the effect of heat treatment on the
magnetic properties of these alloys. The ribbons were
annealed at a range of temperatures between 200 C and
550 C in a tubular vacuum furnace for 2 h. The magnetic
properties of the samples annealed at 450 C and at 550 C are
very similar. The high-field (30 kOe) magnetizations meas-
ured at 100 K and the Curie temperatures of the alloys are dis-
played in Table I. As shown in Table I, there is a large
increase in both the Curie temperature and magnetization of
Mn2Sn alloy due to annealing. The magnetization and the
Curie temperature of Mn2Sn have increased by about
100 emu/cm3 and 74 K, respectively, for the samples annealed
at 450 C. The Curie temperatures of Mn1.5Fe0.5Sn and
Mn1.5Co0.5Sn alloys have also increased significantly due to
annealing but without a noticeable change in the magnetiza-
tion. The magnetization of Mn1.5Cr0.5Sn has decreased signifi-
cantly without much change in the Curie temperature. Further,
the temperature of irreversibility between the ZFC and FC
curves has increased to about 100 K in Mn2Sn, Mn1.5Cr0.5Sn,
and Mn1.5Fe0.5Sn samples due to vacuum annealing, but the
ZFC/FC splitting temperature of Mn1.5Co0.5Sn ribbons is
unchanged. The ZFC/FC-M(T) curves of vacuum annealed (at
450 C) Mn1.5X0.5Sn ribbons except that for X¼ Fe sample
are shown in Fig. 3(b). Since the ZFC/FC curves below 100 K
for Mn1.5Fe0.5Sn and Mn2Sn are almost overlapping, the
M(T) curve of Fe containing sample is not shown here to
maintain the clarity of the figure. The large increase in
magnetization and Curie temperature of Mn2Sn suggests that
there is some rearrangement of Mn atoms in the Mn2Sn lattice
due to vacuum annealing. Since there is ferromagnetic cou-
pling between Mn atoms in the sublattice B, we assume that
some of the Mn atoms from sublattice A may diffuse to sub-
lattice B due to annealing. An interesting feature in the M(T)
curves of the Mn2Sn ribbons is that the splitting between the
ZFC and FC measurements is very small, although the split-
ting temperature has increased significantly. This may suggest
that the origin of the FC/ZFC splitting in this system is caused
by the spin disorder and/or vacancies in sublattice B.
IV. CONCLUSIONS
Mn1.5X0.5Sn (X¼Cr, Mn, Fe, Co) nanomaterials in the
hexagonal crystal structure were prepared using arc melting
and rapid quenching in a melt spinner. The rapidly quenched
Mn1.5X0.5Sn alloys are ferro- or ferrimagnetic and the Curie
temperature lies between 165 K for the Co-containing sam-
ple and 206 K for the Fe-containing sample. All the alloys
show moderate saturation magnetization with a highest value
of 458 emu/cm3 for Mn1.5Fe0.5Sn. All the samples except Cr-
containing sample show spin-glass-like behavior at low tem-
perature. The vacuum annealing of the ribbons at 550 C sig-
nificantly improved their magnetic properties; for example,
the Curie temperature increased to 273 K for Mn1.5Fe0.5Sn.
The observed magnetic properties are explained as the con-
sequences of competing ferro- and antiferromagnetic cou-
pling in the Mn1.5X0.5Sn lattice. These materials will not find
applications at room temperature or above because of their
relatively low Curie temperatures. Further investigation is
needed to determine if high doping levels with Fe, for exam-
ple, can increase Tc above room temperature.
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